Abstract. Stationary wave patterns in middle atmospheric ozone (O 3 ) and water vapour (H 2 O) are an important factor in the atmospheric circulation, but there is a strong gap in diagnosing and understanding their configuration and origin. Based on Odin satellite data from 2001 to 2010 we investigate the stationary wave patterns in O 3 and H 2 O as indicated by the seasonal long-term means of the zonally asymmetric components
shows a maximum over the North Pacific/Aleutians and a minimum over the North Atlantic/Northern Europe and a double-peak structure with enhanced amplitude in the lower and in the upper stratosphere. The wave one in H 2 O * extends from the lower stratosphere to the upper mesosphere with a westward shift in phase with increasing height including a jump in phase at upper stratosphere altitudes. In the Southern Hemisphere, similar wave patterns occur mainly during southern spring. By comparing the observed wave patterns in O * 3 and H 2 O * with a linear solution of a steady-state transport equation for a zonally asymmetric tracer component we find that these wave patterns are primarily due to zonally asymmetric transport by geostrophically balanced winds, which are derived from observed temperature profiles. In addition Correspondence to: A. Gabriel (gabriel@iap-kborn.de) temperature-dependent photochemistry contributes substantially to the spatial structure of the wave pattern in O * 3 . Further influences, e.g., zonal asymmetries in eddy mixing processes, are discussed.
Introduction
During recent years several investigations have been carried out to examine the possible influence of stationary wave patterns in stratospheric ozone (O 3 ) on the atmospheric circulation, based on general circulation model studies with assimilated ozone data and with interactive chemistry (Kirchner and Peters, 2003; Sassi et al., 2005; Gabriel et al., 2007; Crook et al., 2008; Gillett et al., 2009; Waugh et al., 2009) . Stationary wave patterns in middle atmospheric water vapour (H 2 O) may also contribute importantly to the atmospheric circulation, but to our knowledge this has not been investigated up to now. On the other hand, there is a strong gap in the knowledge of the spatial structure of the stationary wave patterns in middle atmospheric O 3 and H 2 O based on model-independent observations, and in understanding the processes which generate these wave patterns. In this context, the first aim of this paper is to present stationary wave patterns in middle atmospheric O 3 and H 2 O derived from Odin satellite data between 2001 and 2010. A second aim is to use a linear approach of a steady-state transport equation for a zonally asymmetric tracer component to specify the effects of mean transport by advection, which helps to identify the most important processes that generate the observed wave patterns.
Published by Copernicus Publications on behalf of the European Geosciences Union.
9866
A. Gabriel et al.: Zonal asymmetries in middle atmospheric ozone and water vapour Quasi-stationary planetary wave patterns in temperature or geopotential are a well known feature of the extra-tropical middle atmosphere (e.g., Andrews et al., 1987) . In the Northern Hemisphere, a quasi-stationary wave pattern with a pronounced zonal wave number one (wave one pattern) usually occurs during winter, and is related to the zonal asymmetry of the stratospheric polar vortex, i.e. to Aleutian high and polar low anomalies in geopotential height (note that the centre of the polar vortex occurs most frequently over North-Eastern Europe/Western Siberia, as found by Randel, 1999 and Karpetchko et al., 2005) . Other wave modes (particularly wave two and wave three) are usually much less pronounced but they increase strongly in connection with sudden stratospheric warming events (SSWs) or during final vortex break-up periods. The common understanding is that planetary waves, which are forced in the troposphere by large mountain ridges, land-ocean contrasts or longitudedependent heat sources, propagate vertically within mean westerly but not easterly flow into the middle atmosphere where they generate quasi-stationary wave patterns (Charney and Drazin, 1961) . In the mesosphere, zonal asymmetries in gravity wave breaking may also play an important role in configuring stationary wave patterns (e.g., Smith, 2003) .
Planetary waves play an essential role in driving the zonal mean transport by the Brewer-Dobson circulation and eddy mixing processes, i.e. the zonal mean meridional transport of trace gases from the tropics to mid-and polar latitudes (Tung, 1982; Holton, 1985; Andrews et al., 1987) . Important efforts have been made to understand and to quantify the contributions of the transport processes to the mean seasonal cycle and to the long-term variations in the zonal mean distributions of stratospheric ozone and water vapour (WMO, 2007; SPARC Report No. 2, 2000) . However, zonal asymmetries in the mean meridional transport and their role in configuring the stationary wave patterns in O 3 and H 2 O have been examined only very sparsely up to now.
Mean concentrations of water vapour (H 2 O) decrease very rapidly in the upper troposphere/lowermost stratosphere region (Holton and Gettelmann, 2001 ) and increase then again up to maximum values around the stratopause because of the oxidation of methane (CH 4 ), which is transported from the troposphere into the stratosphere (e.g., Brasseur and Solomon, 1995; SPARC Report No. 2, 2000) . Based on satellite data from the Halogen Occultation Experiment (HALOE) on the Upper Atmosphere Research Satellite (UARS), Randel et al. (1998) reveal the influence of zonal mean transport processes on the seasonal cycle and long-term variations of stratospheric CH 4 and H 2 O. In the mesosphere, where the concentrations of H 2 O decrease with height because it is slowly photolysed and depleted via reaction with atomic oxygen (e.g., Brasseur and Solomon, 1995) , the zonal mean H 2 O distribution at a given vertical level results mainly from the mean annual cycle in zonal mean meridional transport, as shown by Lossow et al. (2009) diagnosing Odin satellite data and chemistry-climate model calculations. Climate model simulations suggest that the observed increase of stratospheric water vapour of about 20-50 % between the 1960s and 1990s, which was included in the model simulations via a parameterized methane oxidation scheme, may have significantly contributed to the observed change in the atmospheric circulation pattern of the North Atlantic Oscillation (Joshi et al., 2006) . These results underline the importance of adequate three-dimensional water vapour distributions in climate models and, hence, the requirement of diagnosing and understanding the zonal asymmetries in observed stratospheric water vapour.
In the lower and middle stratosphere O 3 is controlled mainly dynamically by transport processes where its chemical lifetime is relatively long, but controlled mainly photochemically in the upper stratosphere and mesosphere where its chemical lifetime is relatively short (e.g., Garcia and Hartmann, 1980; Stolarski and Douglass, 1985; Nathan et al., 1994) . Therefore, both transport processes and temperaturedependent chemistry play an important role in determining the stationary wave patterns in O 3 . Detailed examinations of ozone-temperature correlations based on photochemical models and satellite data suggest a height-dependent relation between wave perturbations in upper stratospheric ozone photochemistry and temperature (e.g., Rood and Douglass, 1985; Douglass et al., 1985; Froidevaux et al., 1989; Brasseur and Solomon, 1995; Smith 1995; Ward et al., 2010) . Similar relations were also found in wave perturbations in the equatorial stratosphere (Randel, 1990; Sun and Leovy, 1990; Mote and Dunkerton, 2004) and during SSWs (e.g., Wang et al., 2005) . In particular, the catalytic ozone destruction cycles involving the nitrogen (NO x ), hydrogen (HO x ), chlorine (ClO x ) and bromine (BrO x ) radicals play an important role in determining the stratospheric ozone distribution (e.g., Brasseur and Solomon, 1995; WMO, 2007, and references therein) . In the lower stratosphere, temperaturedependent chlorine and bromine chemistry could amplify the zonal asymmetries in the ozone destruction rates in case of a pre-existing stationary wave pattern in temperature, e.g., in case of a zonally asymmetric configuration of the cold winter polar vortex. In the upper stratosphere, the temperaturedependence of the NO x catalytic ozone destruction cycle becomes important for ozone changes because of higher mean temperatures, for example during major sudden stratospheric warming events Flury et al., 2009) .
Several two-and three-dimensional model investigations have also shown that planetary waves have a strong influence on ozone transport and temperature-dependent ozone chemistry (e.g., Austin and Butchart, 1992; Solomon et al., 1998; Kinnersley and Tung, 1998; Gabriel and Schmitz, 2003) . The influence of planetary wave patterns on the longitudedependent distribution of total column ozone was demonstrated based on simplified approaches of tracer transport for the lower stratosphere (Hood and Zaff, 1995; Entzian, 1996, 1999) . Stationary wave one patterns or zonal (Gabriel et al., 2007) , and their decadal variations were found to be coherent with decadal variations in upper tropospheric geopotential height (Peters et al., 2008) . However, as in the case of water vapour, more research based on model-independent observations is required to understand the processes responsible for the quasi-stationary wave patterns in the three-dimensional stratospheric ozone distribution. During the last two decades more and more accurate satellite data have become available which provide a new perspective to investigate the three-dimensional wave patterns. The Odin satellite, which was launched in 2001 and which is currently still operational, provides such suitable information throughout the middle atmosphere , Lossow et al., 2008 Jones et al., 2009 Urban et al. (2005) and Lossow et al. (2007) . The Odin data have been widely used to diagnose middle atmospheric ozone and water vapour (e.g., Urban et al., 2007; Lossow et al., 2008 Lossow et al., , 2009 Jones et al. 2009 ).
For this paper, we combine data sets for the time period 2001 to 2010 derived from measurements at different emission lines, which provide a large number of irregularly spaced profiles to diagnose the seasonal mean stationary wave patterns in ozone, water vapour and temperature. The vertical resolution of the profiles is ∼3-3.5 km for water vapour, ∼2-3 km for ozone and ∼4-5 km for temperature (Urban et al., 2005; Lossow et al., 2007) . For data handling all of the profiles are interpolated in the vertical to a grid with resolution of 1 km.
We sort the local irregularly spaced profiles as a function of season and location on a homogeneous 10 • ×10 • latitudelongitude grid extending from 180 • W to 180 • E and from 80 • S to 80 • N. Then we calculate an average over the profiles that are located in a specific grid box. As a result we obtain a mean seasonal profile for each grid box of the 10 • ×10 • latitude-longitude grid. An overview of the data sets we use is given in Table 1 . For water vapour, the measurements of the 489 GHz emission line provide 119 690 profiles covering altitudes between 20 km and 75 km (here we use only stratospheric data up to 50 km), and the measurements of the 557 GHz emission line provide 132 572 profiles covering altitudes between 50 km and 100 km. For stratospheric ozone, measurements of the 544 GHz emission line provide 600 667 profiles covering altitudes between 20 km and 75 km. As for mesospheric water vapour information, the temperature field was derived from the measurements of the 557 GHz band which provide 132 572 temperature profiles covering altitudes between 50 km and 90 km. Overall, the data profile densities represent a horizontal resolution of about 1200 irregularly spaced data profiles per month for water vapour and temperature and about 5600 irregularly spaced data pro- asymmetric components of O 3 , H 2 O and temperature T . Then the zonal mean and the zonally asymmetric fields of water vapour derived from the different emission lines are matched by setting the values at 50 km to the mean of the values at 49 km and 51 km and by applying a 3-point running mean between 48 km and 52 km, which avoids some spurious effects in the picture of the stationary wave patterns. For illustration, and for comparison with the stationary wave patterns shown in Sect. 2.2 ( Fig. 2.1b) , the un-matched fields of zonally asymmetric water vapour are shown in the Appendix A.
Additionally, the seasonal mean temperature derived from Odin is combined with the seasonal mean temperature for the same time period as derived from ECMWF Reanalysis (ERA Interim), covering altitudes between 1000 hPa and 1 hPa. For consistency the temperature profiles of ERA Interim were transformed to a 10 • ×10 • grid using the same procedure as for the Odin data profiles. We match the two temperature fields at stratopause altitudes (∼50 km) analogously to the procedure of the two water vapour fields, but by setting the values around 50 km to the mean values of 48 km and 52 km excluding very strong differences between temperatures at the lowermost level of Odin temperature data at 50 km and at the upper level of the ERA-Interim data at 1 hPa. As for water vapour, the un-matched fields of zonally asymmetric temperature are shown in the Appendix A (compare with Fig. 3.1a) .
Note here that, because of the sun-synchronous orbit, Odin makes night-time observations in the winter hemisphere and day-time observations in the summer hemisphere. This feature could have an effect on the derived long-term means because of the diurnal variations in ozone and water in the mesosphere, e.g., due to mesospheric ozone chemistry and tides. However, in this study we focus on the stationary wave patterns in stratospheric ozone, which can assumed to be mainly affected by perturbations in transport and temperature due to vertically propagating planetary waves in time scales of several days to weeks (e.g., Randel, 1993; Coy et al., 2003) . The effect of upper mesospheric/lower thermospheric tides on water vapour is not considered here because the strongest amplitudes in the stationary wave patterns of H 2 O * are observed below 80 km, as shown in the next section. Note also that the derived fields are slightly smoothed in space by a 3x3 grid box filter to filter out local small-scale perturbations. .1 illustrates that, in the Northern Hemisphere, the wave one pattern builds up during autumn (SON: September, October, November) is maintained during winter (DJF: December, January, February) and decays during spring (MAM: March, April, May). During summer (JJA: June, July, August) there are only minor planetary wave patterns in the lower stratosphere which might be due to zonal asymmetries in eddy mixing processes in the upper troposphere/lower stratosphere (UTLS) region induced by synoptic-scale baroclinic waves. In relation to previous works (e.g., Garcia and Hartmann, 1980; Stolarski and Douglass, 1985; Nathan et al., 1994; Rood and Douglass, 1985; Douglass et al., 1985; Froidevaux et al., 1989; Peters and Entzian, 1999) both the double-peak structure of O * 3 in the vertical occurring during winter, with pronounced amplitude in the lower and the upper stratosphere, and the fact that the wave one pattern of O * 3 does not show a westward shift in phase with increasing height (as shown by Fig. 1.1b) , as usually found in other quantities like temperature or geopotential height, can be interpreted as a combination of transport processes in the lower and middle stratosphere (where the chemical lifetime of ozone is long and ozone and temperature are correlated), and temperaturedependent chemistry in the upper stratosphere (where the lifetime of ozone is short and ozone and temperature are anticorrelated). In Sect. 3 these processes are discussed in detail.
Zonal asymmetries in ozone and water vapour
In the Southern Hemisphere a wave one structure in O * 3 develops mainly during southern spring (SON), as shown in Fig. 1 .2. Here we have to consider that the southern winter polar vortex is usually much more stable and more zonally symmetric than the northern winter polar vortex and that the final break-up of the vortex during spring occurs usually later in the Southern than in the Northern Hemisphere. In this context the effect of heterogeneous chemistry on Polar Stratospheric Cloud (PSC) droplets and related ozone depletions (e.g., Solomon, 1999; WMO, 2007) is more efficient in the Southern than in the Northern Hemisphere. Therefore, the amplitude of the stationary wave one pattern is less pronounced during southern winter (JJA) but more pronounced during southern spring (SON), as also discussed by Crook et al. (2008) . As for the Northern Hemisphere, the stationary wave pattern in O * 3 during southern summer (DJF) is very weak and might be related to zonal asymmetries in eddy mixing processes induced by synoptic-scale baroclinic waves.
In the Northern Hemisphere, H 2 O * shows also a pronounced wave one pattern during autumn and winter in the mesosphere up to an altitude of about 80 km and with a strong jump in phase at upper stratosphere altitudes, i.e. at about 40-45 km ( Fig. 2.1 ). In Sect. 3 we show that this wave pattern in H 2 O * is controlled primarily by mean advection. Note here that the matching procedure for H 2 O * at specific levels around 50 km does not have an effect on the jump in phase at stratopause altitudes which extends over several kilometres. For comparison, Appendix A shows the field of H 2 O * at 60 • N without applying the matching procedure. values, blue colours refer to minimum negative values). 7 In the Southern Hemisphere, a wave one pattern in H 2 O * develops mainly during southern spring ( Fig. 2.2a, SON) , similarly to O * 3 . Less pronounced stationary wave patterns in H 2 O with largest amplitudes of 0.1 ppm (parts per million) are found also for northern summer (JJA) and southern summer (DJF), mainly in the mesosphere. These patterns might be due to zonal asymmetries in gravity wave breaking, e.g., in connection with gravity wave generation due to orography or due to storm tracks over the ocean basins. However, because the wave patterns of both O * 3 and H 2 O * are weak during summer they are not discussed in this paper.
Zonal asymmetries in T * and geostrophically balanced dynamics
Figure 3.1 shows the zonally asymmetric temperature
• N during winter (here the brackets [ ] denote the zonal mean and the star * the deviation from the zonal mean), together with the zonally asymmetric components in geopotential height * , geostrophic meridional wind v g and quasi-geostrophically balanced vertical wind w * b derived as described in the following.
Firstly we derive the geopotential φ from temperature T via the hydrostatic equation in terms of geopotential (R is the ideal gas constant for dry air and H = 7500 m):
Equation (1) is vertically integrated assuming φ = 0 for the standard pressure level 1000 hPa as lower boundary, and the geopotential height is then determined by = φ/g (g: gravity acceleration of the earth). From geopotential φ we derive the zonal and meridional geostrophic winds u g and v g (here f is Coriolis parameter, and ∂/∂x and ∂/∂y are used to denote the partial derivatives (rcosϕ) −1 ∂/∂λ and r −1 ∂/∂ϕ where λ is longitude and ϕ is latitude, based on the equidistant 10 • ×10 • grid in longitude and latitude as described in Sect. 2.1):
Note here that the longitudinal gradient becomes zero when averaging over the longitude, i.e. [v g ] = 0 and v * g = v g . For the derivation of w * b we introduce the separation in zonal mean and zonally asymmetric components into the quasi-geostrophically balanced equation for potential temperature d g θ+w(θ 0 ) z = Q (θ is potential temperature, d g = ∂ t +v g ∇, ∂ t is the local time derivative, ∇ is the horizontal gradient, v g = (u g , v g ), θ 0 =θ 0 (z) is a global mean potential temperature, Q is the heating rate, and subscript z denotes the derivative with respect to height). After removing the zonal mean part of the tendency we obtain an estimate for w * b for steady-state conditions (∂ t θ = 0): (Q * is the zonally asymmetric heating rate and
y denotes the zonally asymmetric component of eddy fluxes; the derivatives of the zonal mean values with respect to longitude are
; the subscripts t, x, y and z denote the derivatives with time, longitude, latitude and height). Note here that D * turns out to be smaller than the other advection terms by more than one order of magnitude, which might be an underestimation because it is derived only based on the zonal wave perturbations of the long-term stationary means. Note also that we include a small damping term Q * = −αθ * (α = 1/τ , τ : damping time, with τ = 10 days in troposphere, τ = 7 days in stratosphere, and then increasing with height to τ = 10 days in upper mesosphere), which affects the derived wave one pattern in w * b shown below ( Fig. 3.1d ) locally only up to 10 %. Here we do not consider explicitly the feedback of O * 3 on the zonally asymmetric radiative forcing Q * when deriving w * b , although it may have an additional influence on the amplitude and phase of the wave one pattern of the order of 10-20 %, as suggested by several model studies (e.g., Gabriel et al., 2007; Gillett et al., 2009) . However, for a first-order approximation of mean transport characteristics this approach seems to be acceptable because the contribution of the feedback of Q * to the amplitude of O * 3 is approximately one order of magnitude weaker than the observed amplitude in O * 3 .
At 60 • N, the westward shift in phase in the wave one pattern of T * (Fig. 3.1a) corresponds to a westward shift in the wave one pattern of geopotential height anomaly * (Fig. 3.1b) . The minimum in * at 40 km is found over the North Atlantic/Europe (the polar low anomaly in relation to the centre of the polar vortex) and the maximum in * over the Aleutians (the so-called Aleutian high anomaly). Consequently there are zonally asymmetric wave one patterns in the geostrophically balanced meridional and vertical winds (Fig. 3.1c, d) , with poleward winds at the eastern flank of the polar low anomaly and equatorward winds at the western flank of the polar low anomaly, indicating strong zonal asymmetries in meridional tracer transport. Note here again that -as for H 2 O * -the matching procedures for T * at around 50 km do not have a substantial influence on the vertical structure of the wave pattern in T * (see Appendix A for comparison with the field T * at 60 • N without applying the matching procedure).
The geostrophically approximated winds are usually weaker than the non-geostrophically approximated winds, in particular the vertical wind component. For comparison, Fig. 3 .2 shows the corresponding fields v * and w * retrieved directly from the ERA Interim data, indicating that the amplitudes of the wave one pattern differ in v * by about 30 % and for w * by about 50 %. However, the spatial structure and the westward shift in phase with increasing height are fairly well captured by the approach. On the other hand, the w * -field derived from ERA Interim includes uncertainties because of the lack in observations of vertical winds and because of the general problems of middle atmospheric data assimilation. For example, the restriction of the assimilation model to levels somewhat above stratopause altitudes could prohibit vertical wave propagation and could lead, subsequently, to an incorrect description of the wave one amplitudes in the upper stratosphere (Polavarapu et al., 2005) . Thus, for the linear solutions of the transport equation discussed in Sect. 3 we use v * g and w * b as a first guess of homogeneously derived wind components for the whole middle atmosphere, keeping in mind the uncertainties in w * b when interpreting the results. A similar wave one pattern is found in the Southern Hemisphere at 60 • S during autumn, but with weaker amplitude (Fig. 3.3) . A westward shift in phase of T * (Fig. 3.3a) corresponds to a westward shift in geopotential height anomaly * (Fig. 3.3b) , with a southern polar low anomaly centred at around 30 • W and a high anomaly centred at around 150 • E at altitudes of ∼40 km. As in northern winter, there are poleward winds at the eastern flank of the southern polar low anomaly and equatorward winds at the western flank of the southern polar low anomaly (note here the reversed sign of Coriolis force), which also indicate strong zonal asymmetries in meridional tracer transport. The similarity in phase of the northern and the southern wave one pattern might be due to similarities in planetary-scale orography (e.g., the north-southward direction of Rocky Mountains/Andes mountain ridge extending over both northern and Southern Hemisphere) or due to similarities in the differences in tropospheric wave activity over the Pacific and over the Atlantic/Indian ocean basins.
In Sect. 3 we analyse the effect of v * g and w * b on the stationary wave patterns in O * 3 and H 2 O * based on a simplified tracer transport equation. Note here that we derived also other non-geostrophic wind components via the Phillips approximation (u ag = (d g v g )/f and v ag = (d g u g )/f with steady state conditions ∂ t = 0 and |f | >0 for the extra-tropics), and residual winds via f v res = [v * g q * g ] from quasi-geostrophic potential vorticity fluxes (with q g = f − u gy + v gx + f (θ * /θ 0z ) z and (v res ) y + (w res ) z = 0). However, the effect of these ageostrophic components on the stationary wave patterns in O * 3 and H 2 O * turns out to be at least one order of magnitude smaller than those of v * g and w * b and are not considered here. A shortcoming is, of course, that the ageostrophic and residual winds were only derived from the stationary flow pattern, because the derivation of transient flow patterns is restricted due to the temporal and spatial resolution of the Odin data. Furthermore, the impact of gravity waves on the residual circulation is not included. Nevertheless, based on the linear approach for the transport equation discussed in Sect. 3 we expect to extract the first-order approximation of the processes determining the stationary wave patterns in O * Table 2 . Prescribed lifetime τ and sensitivity parameter γ to parameterize the mean chemical loss of zonally asymmetric ozone and the sensitivity of non-linear interactions between wave perturbations in ozone photochemistry and temperature; the lifetime is prescribed according to Brasseur and Solomon (1995) and the sensitivity parameter according to Froidevaux et al. (1989) and Ward et al. (2010) ; both parameters are slightly adjusted for the solutions of the transport equation at high mid-latitudes (details see Sect. 3); note that the logarithmic decrease of γ below 35 km and above 55 km is prescribed artificially to ensure a smoothed transition between the levels. the zonally asymmetric loss rate; second order terms L * µ * are neglected in the following discussion), because a detailed assessment of the effects of temperature-dependent stratospheric ozone chemistry on the stationary wave patterns requires extensive calculations of photolysis rates and highly non-linear catalytic ozone destruction cycles, e.g., the NO x -, HO x -, ClO x -and BrO x cycles, which need more information of the involved species with higher resolution in time and space than provided by satellite data. However, in order to give a first estimation of these effects we include linear parameterizations of the chemical sources as described in the following.
As a first step we use some important temperaturedependent reaction rates for a simplified first-guess parameterization of the loss rate L * (T ) indicating the linear response of the chemistry to temperature perturbations via the loss term L * (T ) · [µ] . Two of the most important reactions involved in stratospheric ozone chemistry are the reactions O 3 +O 3 P →2O 2 and O 3 +NO→O 2 +NO 2 (Brasseur and Solomon, 1995), which we combine to compute the mean loss rate Here we simply prescribe a mean profile of O 3 P adopted from Brasseur and Solomon (1995) , and an approximated mean profile of NO mixing ratio at 60 • N according to Visconti and Pitari (1987) in combination with a reduced reaction coefficient for the calculation of the long-term means (0.5·k 2 instead of k 2 ) because of the strong diurnal cycle of NO.
In the upper stratosphere and mesosphere, ozone is primarily controlled by temperature-dependent photochemistry and the lifetime decreases rapidly with height. Therefore, as a second step, we introduce a parameterization of the effects of non-linear interactions between complex photochemistry and temperature in terms of a sensitivity parameter γ according to the estimations of Froidevaux et al. (1989) , Brasseur and Solomon (1985) and Ward et al. (2010) , which is described in detail in Sect. 3.2 when discussing the contributions of the individual tendencies to the observed wave pattern. In the mesosphere, there is a pronounced diurnal cycle, but a possible effect of the diurnal cycle on the long-term means of the stationary wave patterns is not considered here, because the largest amplitudes in O * 3 are found in the stratosphere. Additionally, we calculate the tendencies due to the linear feedback of ozone chemistry via the loss term [L]µ * based on a height-dependent loss rate [L] = 1/τ , which is prescribed by a photochemical lifetime τ according to the estimations of Brasseur and Solomon (1995) , as given in Table 2 . The chemical loss rates of H 2 O are weak in the whole middle atmosphere, and, therefore, it is an excellent tracer for transport studies in both the stratosphere and the mesosphere (Brasseur and Solomon, 1995 Solomon (1995) . Again, the photolysis rates are not considered here and we assume that the effects on the chemical species are -to first order -zonally symmetric when averaging over long time periods. In particular, we do not consider the photolysis of H 2 O by absorption of the Lyman-α line, which reduces the H 2 O concentrations in the upper mesosphere and lower thermosphere (Brasseur and Solomon, 1995) Table 2 ) and the observed O 3 * shown in Figure   . 1b; contour interval: 0.05 ppmv day -1 (red colours refer to maximum positive values, lue colours refer to minimum negative values). Table 2 ) and the observed O * 3 shown in Fig. 1 .1b; contour interval: 0.05 ppmv day −1 (red colours refer to maximum positive values, blue colours refer to minimum negative values).
For illustration, Fig. 4 .1 shows the individual tendencies for O * 3 at 60 • N. When comparing Fig. 4 .1b with Fig. 3 .1c, and considering a meridional gradient of zonal mean ozone [O 3 ] y <0 in middle and upper stratosphere, we find positive tendencies −v g [O 3 ] y at these levels in regions of poleward winds at the eastern flank of polar low anomaly and negative tendencies in regions of southward winds at the western flank of polar low anomaly. These tendencies are -to first order -balanced by the advection of the perturbation within the zonal mean westerlies, −[u g ] (O * 3 ) x , depicted in Fig. 4 .1a. The vertical structure of the wave pattern in −w * b [O 3 ] z shows a shift in phase between lower and upper stratospheric altitudes (Fig. 4.1c) . This feature becomes evident when considering that the vertical gradient of zonal mean ozone [O 3 ] z changes its sign at about 35 km, i.e. it is related to the wave pattern in w * b shown in Fig. 3 .1d but with different sign below and above ∼35 km. The tendency −w * b [O 3 ] z is weaker than the horizontal tendencies, but its strength may be somewhat underestimated because of the underlying quasigeostrophic approximation. In addition, the chemical loss (Fig. 4.1d) indicates a significant contribution to the tendency budget, but it is also slightly weaker than the horizontal tendencies. Here we only note that the chemical loss rates at around 30 km are mainly related to the layer of enhanced NO concentrations at these altitudes (via the loss rate −k 2 [NO]), and those in the upper stratosphere are mainly related to the temperature-dependent loss due to reaction with atomic oxygen (via −k 1 [O 3 P]). (Fig. 4.2b) and of the vertical advection (Fig. 4.2c ) in the upper stratosphere becomes evident when considering that the zonal mean concentrations of H 2 O at 60 • N increase from about 2-3 ppm at lower stratosphere to about 6-7 ppm at upper stratosphere/lower mesosphere altitudes, but then decrease with height in the middle and upper mesosphere (e.g., Randel et al., 1998; Urban et al., 2007) Fig. 4 .2a. The tendencies of the vertical advection (Fig. 4.2c ) are more pronounced in the mesosphere than in the stratosphere, but weaker than those of horizontal advection. The chemical loss rate (Fig. 4.2d) is very weak indicating the long chemical lifetime of H 2 O throughout the whole middle atmosphere. Here we only note that the temperature-dependent production due to methane oxidation is much weaker than the loss rate. For the estimation of the production of H 2 O due to methane oxidation we use a mean profile for CH 4 , and this production term might become more relevant if zonal asymmetries in the CH 4 distribution are taken into account. However, this possibility is not examined in this paper. Note here that the zonally asymmetric chemical loss term [L] ·H 2 O * increases with height in the mesosphere, but that it is very weak in comparison to the transport tendencies. For example, a photochemical lifetime of more than 10 days at 70-80 km (Brasseur and Solomon, 1995) leads to loss rates [L]·H 2 O * of less than 0.01-0.02 ppm day −1 at these altitudes, which is smaller than the zonally asymmetric transport tendencies by more than a factor of 10.
From the derivation of advection by ageostrophic winds from quasi-geostrophically balanced equations described in Sect. 2.3, we find that these terms are of secondary importance in comparison to the advection by zonal mean westerlies, i.e. u ag µ *
x . As in the case of the temperature advection and eddy heat fluxes considered in Sect. 2, the influence of the non-balanced ageostrophic components on the tracer advection and the eddy tracer fluxes may be underestimated because they are derived based only on long-term mean stationary and quasi-geostrophically balanced wave components, neglecting interannual variations of the stationary components and transient waves. In the middle stratosphere, stationary waves may be usually larger than transient waves, but in the lower stratosphere transient wave activity contribute largely to the eddy transport processes (Gabriel and Schmitz, 2003; Haklander et al., 2008) . Also, above the stratopause transient waves may become more important. However, in the framework of this paper the non-balanced ageostrophic components and the transient wave activity cannot be quantified because of the limitations in the temporal and spatial resolution of the Odin data.
Contribution of the individual tendencies to the stationary wave patterns
Now we assume that, to first order, the term G * g (µ * ) of Eq. (5) is balanced by the advection of µ * within the zonal mean westerlies [u g ], i.e. based on a first order approximation of the transport equation (assuming steady state with ∂ t µ = 0 and a zonally asymmetric loss term
In a first step we focus on the linear processes producing the wave pattern in ozone and water vapour as a function of only transport and temperature, i. + ε) with ε = 1 m s −1 to avoid unrealistic values). This gives:
Then the comparison of the resulting coefficients (ikc k = C k ) for each of the horizontal wave numbers k provides an estimate µ*(TR) as a function of G * g +L * [µ] , and an estimate of the effects of the individual tendencies included in G * g or L * [µ]. The resulting field O * 3 (TR) and the individual contributions of the tendencies at 60 • N for northern winter are plotted in Fig. 5.1 . The solution O * 3 (TR) (Fig. 5.1a) shows a wave one pattern similar to the observed O * 3 field shown in Fig. 1.1b, i. e. it captures the phase with minimum values over Northern Europe and maximum values over the Aleutians quite well, but it underestimates the amplitude and does not capture details like the observed double-peak structure of enhanced amplitudes in the lower and the upper stratosphere (compare Figs. 1.1b and 5.1a) . Figure 5 .1b demonstrates that the zonal asymmetries in the meridional advection are the primary source of the wave one pattern up to around 40 km. The contributions of zonal asymmetries in the vertical advection (Fig. 5.1c ) and of the chemical loss term (Fig. 5.1d ) are weaker; however, the inclusion in the solution O * 3 (TR) leads locally to an improvement of the spatial structure in comparison to the observed wave pattern. In particular, the double peak pattern due to vertical advection with enhanced amplitude in the lower and in the upper stratosphere and the contribution of the chemical loss term located mainly at 20-30 km altitude (which is counteracting the effect of meridional advection at these altitudes) lead to a slight disruption in the wave pattern and a more pronounced part of the wave pattern in the lower and in the upper stratosphere. However, there are still strong differences between the solutions O * 3 (TR) and the observed wave pattern, which helps to identify the additional processes that are not taken into account in the linear solution.
One reason for these differences might stem from an underestimation of vertical advection because of the quasigeostrophic approach, although a simple test with an artificial increase of w * b by a factor of 2 does not change the pattern of the solutions O * 3 (TR) substantially. Also, zonal asymmetries in eddy mixing processes due to transient wave activity, which cannot be derived from the Odin data alone, could contribute to the mean wave patterns. In particular, we assume a contribution of zonal asymmetries in eddy mixing processes due to baroclinic wave activity in the UTLS region, because they are particularly strong during winter and because their effect on temperature and ozone distribution is quite strong at these altitudes (e.g., Bartels et al., 1998; Gabriel and Schmitz, 2003) .
Another reason for the differences between the observed field O * 3 and the calculated field O * 3 (TR) is that upper stratospheric ozone is more controlled by photochemistry and that non-linear interactions between wave perturbations in photochemistry and temperature largely determine the behaviour of upper stratospheric ozone (e.g., Douglass et al., 1985; Froidevaux et al., 1989; Brasseur and Solomon, 1995; Ward et al., 2010) . In order to estimate the effect of these processes we use an approach describing the relative sensitivity of ozone photochemistry to wave perturbations in temperature for photochemical equilibrium conditions based on the estimations of Froidevaux et al. (1989) , Brasseur and Solomon (1995) , and Ward et al. (2010) :
Here, α is a radiative relaxation rate and P H a time and zonal mean UV heating rate (we use α = 0.2 K day −1 and P H = 10 K day −1 for the altitude range 30-60 km). For upper stratospheric altitudes the sensitivity parameter γ has been derived based on photochemical model sensitivity studies and satellite observations (e.g., Froidevaux et al., 1989; Ward et al., 2010) . According to Froidevaux et al. (1989) and Ward et al. (2010) we use values for γ as given in Table  2 , including a slight adjustment in order to obtain an optimal improvement of the calculated O * 3 distribution at high midlatitudes. Figure 5 .1e, f shows the wave perturbation O * 3 (T * ) as derived via Eq. (8) based on the observed wave pattern T * and the zonal mean fields [O 3 ] and [T ] (Fig. 5.1f) , and its effect on the configuration of the calculated stationary wave pattern as indicated by the resulting solution O * 3 (TR2) = O * 3 (TR)+ O * 3 (T * ) (Fig. 5.1e ). Figure 5 .1e, f shows that the amplitude O * 3 (T * )≈ ±0.1-0.2 ppm is comparable to the linear terms of Figure 5 .1a-d but that both the maximum and the minimum of O * 3 (T * ) are located at upper stratospheric altitudes (at ≈40-45 km). Therefore, it contributes significantly to the upper stratospheric part of the double-peak structure in O * 3 with the phase of O * 3 (T * ) being correlated to the phase of T * .
Next we examine the feedback of O * 3 to the configuration of the stationary wave pattern via the loss term Note here that the solution O * 3 (TR3) is independent of the observed field O * 3 , i.e., the processes analysed above reproduce a large part of the observed wave pattern. However, note also that the solution O * 3 (TR3) is highly sensitive to the prescribed photochemical lifetime τ and the sensitivity parameter γ which are adjusted to obtain optimal results, i.e., a variation of these parameters of about 10 % leads to significantly less coherence of O * 3 (TR3) with the observed wave pattern of O * 3 . We conclude that more research is needed to clarify the role of the interactions between transport, temperature and photochemistry.
In the Southern Hemisphere, the fields O * 3 (TR) at 60 • S (Fig. 5.2a) , which include the effect of the tendencies due to advection by v * and w * and due to the linear loss term −L * (T ) [µ] analogously to Fig. 5 .1a, show also a wave one pattern similar to those observed (compare with Fig. 1.2a ), but only during southern spring (SON). The amplitude is weaker than that observed and the regions of pronounced values are spatially more concentrated to the middle stratosphere, indicating that additional contributions due to temperature-dependent photochemistry or eddy mixing processes are also important in configuring O * 3 . Note here that the mean westerly flow [u g ] becomes easterly above 60 km during SON, therefore there occur no wave perturbations in O * 3 (TR) above these altitudes. Analogously to the Northern Hemisphere, the inclusion of the parameterized wave perturbation O * 3 (T * ) leads to a slight improvement of upper stratospheric O * 3 (TR2) (Fig. 5.2b ), i.e. an extension of the wave pattern towards altitudes of about 40-45 km but with the phase being correlated to the wave one pattern in T * . At least the inclusion of the loss term [L]O * 3 , as indicated by the solutions O * 3 (TR3) in Fig. 5 .2c, leads to a slight modification of the wave pattern in the upper stratosphere and an extension of the minimum towards regions over the Western Hemisphere (at around 100 • -150 • W and 40-45 km). However, there are still strong differences between the solution O * 3 (TR3) and the observed fields indicating that additional effects contribute efficiently to the structure and amplitude of the stationary wave pattern.
In particular we have to consider that, below ∼25 km, the effect of heterogeneous chemistry on Polar Stratospheric Cloud (PSC) droplets is much more efficient at the edge of the southern than of the northern polar vortex leading to strong ozone depletion within the polar vortex during southern spring when temperatures are very low (e.g., Solomon, 1999; WMO, 2007) . Therefore zonal asymmetries in the southern polar vortex will contribute to the wave one pattern in O * 3 via zonal asymmetries in PSC occurrence and related heterogeneous chemistry. A similar contribution to the stationary wave one in ozone could be expected concerning zonal asymmetries in the northern polar vortex, although it should be weaker because temperatures inside the northern polar vortex are usually not as low as inside the southern polar vortex. As for the Northern Hemisphere, we may also expect a contribution of eddy mixing processes due to zonal asymmetries in synoptic-scale baroclinic waves. However, the zonal asymmetries in transient wave activity are much less pronounced in the Southern than in the Northern Hemisphere because of the different land-sea distribution. Figure 6 .1 shows the linear solutions H 2 O * (TR), together with the individual contributions of the tendencies at 60 • N for northern winter. In comparison with the observed wave pattern (Fig. 2.b) , Figs. 6.1a and 6.1b show that the spatial structure of H 2 O * is primarily generated by the zonal asymmetries in the meridional transport, with the phase shift being related to the change in sign of the mean meridional ([H 2 O] y ) and vertical ([H 2 O] z ) gradients at upper stratosphere/lower mesosphere altitudes. Also the jump in phase at upper stratosphere altitudes is reproduced. The contribution of vertical advection to the wave pattern (Fig. 6.1c) is weaker, but intensifies the amplitude significantly in the lower and middle mesosphere. The effect of zonal asymmetries in the chemical loss rate due to depletion by O 1 D (Fig. 6.1c ) is obviously not important as a primary source of the wave pattern.
Because of the long lifetime of H 2 O we find a better agreement between the spatial structure of H 2 O * (TR) and the observed wave patterns than in case of O * 3 , which seems to be more affected by zonal asymmetries in temperaturedependent chemistry at specific altitudes. However, as in the case of O * 3 , the differences between H 2 O * (TR) and the observed fields allow determining the underestimated or additional processes relevant for the generation of the wave pattern. For example, stronger vertical wind components than those derived by the quasi-geostrophic approximation may lead to an improvement of the amplitude in lower and middle mesosphere altitudes. As suggested by Smith (2003) , quasistationary planetary wave patterns in the stratosphere induce zonal asymmetries in gravity wave propagation contributing to the quasi-stationary waves patterns in mesospheric geopotential. Associated zonal asymmetries in residual circulation and eddy mixing processes induced by gravity wave breaking may therefore also contribute to the wave pattern in mesospheric water vapour. As in case of O * 3 , zonal asymmetries in eddy mixing processes due to tropospheric baroclinic wave activity may contribute to the amplitude of H 2 O * in the lower stratosphere. In addition, zonal asymmetries in eddy mixing of tropospheric CH 4 into stratosphere, which is the main source of stratospheric H 2 O, could also have an influence on the amplitude of H 2 O * in the lower stratosphere.
In the Southern Hemisphere, the fields H 2 O * (TR) at 60 • S (Fig. 6.2) show also a wave one pattern similar to the observed one (compare with Fig. 2.2a ), but -as in case of O * 3 (TR) -with more pronounced amplitudes only during southern spring (SON) and less outspread, i.e. the regions of pronounced values are spatially more concentrated in the middle stratosphere and the lower mesosphere. In the lower stratosphere the amplitude of H 2 O * (TR) is somewhat weaker than observed (∼0.1 ppm instead of ∼0.2 ppm at 20-30 km) but in the upper stratosphere/lower mesosphere somewhat stronger than observed (∼0.2 ppm instead of ∼0.1 ppm at 50-60 km). Here we assume -as for the Northern Hemisphere winter -an additional effect of zonal asymmetries in eddy mixing processes which could contribute to the amplitude of H 2 O * in the lower stratosphere. Eddy mixing processes might also lead to some damping of the wave one pattern at the upper stratosphere/lower mesosphere which is not captured by the linear solution. Note here again that the mean westerly flow [u g ] becomes easterly above 60 km during SON, therefore -as for O * 3 (TR) -no wave perturbations in H 2 O * (TR) occur above these altitudes. More investigations are necessary to clarify the role of eddy mixing process in configuring the stationary wave patterns.
Summary and discussion
Based on long-term means of ozone and water vapour profiles derived from Odin satellite data 2001-2010, we find a pronounced wave one pattern in the zonally asymmetric components of both stratospheric ozone O O]: zonal means). In the Northern Hemisphere, the wave one patterns increase during autumn, maintain their strength during winter and decay during spring, with maximum amplitudes of about 10-20 % of the zonal mean values. In the Southern Hemisphere, the wave one pattern develops mainly during southern spring.
Based on a linear solution of a steady-state transport equation for the zonally asymmetric component of a chemical tracer, including geostrophically balanced winds for advection, we show that the stationary wave patterns are primarily related to zonal asymmetries in the time mean of meridional transport by geostrophically balanced winds, in relation to the position, strength and spatial structure of the negative and positive anomalies in geopotential height (e.g., in relation to the northern winter polar low and Aleutian high anomalies). In particular, the linear solutions capture the phase of the wave one patterns in O * 3 and H 2 O * during northern winter correctly, but underestimate their amplitudes. During southern spring, the amplitudes of the stationary wave one pattern in O * 3 and H 2 O * are underestimated in the lower stratosphere but, in the case of H 2 O * , somewhat overestimated in the lower mesosphere. The observed double-peak structure in stratospheric O * 3 during northern winter with peak amplitudes in the lower and in the upper stratosphere is not reproduced by the transport tendencies alone.
The inclusion of the interaction of wave perturbations in ozone photochemistry and temperature via a sensitivity parameter γ , which is prescribed according to the estimations of Froidevaux et al. (1989) , Brasseur and Solomon (1995) and Ward et al. (2010) Brasseur and Solomon, 1995) leads to a better reproduction of the wave pattern in upper stratospheric ozone. In particular, the observed double-peak structure in stratospheric O * 3 is better reproduced if these processes are taken into account. However, the resulting solution is highly sensitive to the prescribed photochemical lifetime τ and the sensitivity parameter γ , which are slightly adjusted to obtain an optimal solution of the transport equation in comparison to the observed field. We conclude that more research is needed to clarify the role of the interactions between transport, temperature and photochemistry.
The differences between the linear solutions and the observed fields as well as the analysis of the involved individual tendencies enable us to determine additional processes contributing to the configuration of the stationary wave patterns. For example, the quasi-geostrophic approach of the winds might lead to an underestimation of the amplitude due to the lack of zonally asymmetric transport by nongeostrophic winds. Zonal asymmetries in eddy mixing due to synoptic-scale baroclinic waves or small-scale gravity waves might also be important. The feedbacks of the temperaturedependent non-linear catalytic NO x -, HO x -, ClO x -and BrO x ozone destruction cycles to the stationary wave pattern might be stronger than can be captured by the linear parameterizations used for the solution of the transport equation.
In particular one has to consider that zonal asymmetries in baroclinic wave activity and associated eddy mixing processes in the UTLS region may contribute to the mean amplitude of both O * 3 and T * in the lower stratosphere, consistent with the observed correlation between changes in ozone and temperature at these altitudes. For the lower stratosphere we can also assume that the feedback of temperature-dependent chlorine and bromine chemistry could enhance the amplitudes of the stationary wave patterns in O * 3 in case of a preexisting stationary wave pattern in temperature and chemical species, i.e. in case of a zonally asymmetric configuration of the cold winter polar vortex. In the middle and upper stratosphere, zonal asymmetries in the temperaturedependent and highly non-linear NO x chemistry may contribute to the mean amplitude of O * 3 , as has been shown recently for ozone changes in case of a major sudden stratospheric warming event (Flury et al., 2009) . Therefore, the combination of the zonal asymmetries in eddy tracer fluxes in the lower stratosphere and in NO x chemistry in the upper stratosphere could further modulate the spatial structure of O * 3 , modifying the primary wave one pattern generated by geostrophically-balanced advection and linear temperaturedependent photochemistry towards the observed double-peak structure of O * 3 . During southern spring the effect of heterogeneous chemistry on Polar Stratospheric Cloud (PSC) droplets on chemical ozone depletion processes at altitudes below ∼25 km is much more efficient at the edge of the southern than of the northern polar vortex, which might contribute additionally to the wave one pattern in O * 3 in case of a zonally asymmetric polar vortex.
For the wave patterns in H 2 O * one has to consider that the zonal asymmetries in eddy mixing of tropospheric CH 4 into the lower stratosphere might contribute additionally to the mean amplitude of lower stratospheric H 2 O * . On the other hand, zonal asymmetries in gravity wave breaking and associated zonal asymmetries in eddy mixing and residual circulation might contribute additionally to the mean amplitude in mesospheric H 2 O * . Stronger vertical winds than those derived from the quasi-geostrophic balanced approximation would lead to an improvement of the wave patterns derived via the linear solution of the transport equation. However, reliable wind estimates from data assimilation systems remain challenging for the stratosphere and mesosphere (Polavarapu et al., 2005) .
Conclusions
Based on Odin satellite data 201-2010 we find stationary wave one patterns in stratospheric ozone and middle atmospheric water vapour with maximum amplitudes of about 10-20 % of the zonal mean mixing ratios during winter. The amplitude and the spatial structure of these wave patterns are primarily due to the zonally asymmetric advection by geostrophically balanced winds, and, in the case of upper stratospheric ozone, by temperature-dependent photochemistry. Additionally, zonal asymmetries in eddy mixing processes might play an important role in determining the observed stationary wave patterns, but a detailed assessment of the eddy tracer fluxes cannot be derived from the Odin satellite data alone.
The stationary planetary wave patterns derived from the satellite data are a suitable indicator of the processes generating these patterns, i.e. of zonal asymmetries in meridional transport and temperature-dependent chemistry. It is important to understand and to quantify these processes because they play a key role in understanding longitudinal differences in wave-driven transport and in the atmospheric circulation, and because they provide an important validation tool for predictions with general circulation models (GCMs) and chemistry-climate models (CCMs) used in the framework of ozone depletion and climate change studies. Quantifying the stationary wave patterns in ozone and water vapour based on model-independent data may also be important because of the feedbacks to wave propagation and atmospheric circulation via the induced radiation perturbations, as suggested by a number of recent model studies (Gabriel et al., 2007; Crook et al., 2008; Gillett et al., 2009; Waugh et al., 2009) . Our results therefore suggest further investigations of the processes generating the stationary wave patterns based on both observations and CCMs.
Appendix A
It is an open question whether the matching procedure at stratopause altitudes, which is described in Sect. 2.1 and applied for two Odin data sets for stratospheric and mesospheric H 2 O and for the two data sets of the Odin and the ERA Interim temperature profiles, could have an effect on the results for H 2 O * and T * presented in the paper.
For comparison, Fig. A1a shows the vertically unsmoothed field of H 2 O * at 60 • N without applying this matching procedure, revealing only a thin perturbation line at 50 km which indicates that the two fields of H 2 O * derived from the two Odin data sets do not match exactly. Additionally, Fig. A1b shows the vertically unsmoothed field T * at 60 • N without applying this matching procedure, revealing a thin perturbation line at 50 km which indicates that the data sets of Odin and ERA Interim do not match exactly. In comparison to Figs. 2.1b and 3.1a there are also some more perturbations which are filtered out as noise. However, all of these changes do not affect the large-scale wave one pattern extending from troposphere up to the top of the mesosphere.
